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kIHOT~qkiJT-~pOBeAeHbI ~KC~~~clM~HT~~bHhI~ElCC~~AOB~HllRCO~~OT~B~~HUR~T~~~OO6M~H~ 

IlpB o6TeHamiH HWpeTbIM BOEtAYXOM IlOpllCTOt IIOBepXHOCTkf n$Ui @/dX = 0 Ei dp/dX # 0 II 
BAj'BeB Typ6yneHTHbIinOrpaHH~H~~C~O~ pEt3JIWlHblXI%30B (re~~~,BO3AyXa,ymeKHCnOrO 

raaaII~PeOHa-l2).YCTaHOBneHOBnMRHHe HaCOIIpOTHBJEHHe II TetlJIOO6MeH OTHOCHTBJIbHOrO 

PaCXOAa BAyBSMbIX IYWOB Ha IIJIOCKOti IIJIaCTIIhe, a B cnygae Teqemrri Boanyxa npn 
dp/dX# 0, KpOMe TOrO, H ItpOAOZbHOrO rpaAIlE!HTEt AaBJleHHH. nOKa%IHO, 9TO C POCTOM 

MOJIeKyJlRpHOrO BeCa BAS'BEteMbIX l'ak3OB EIX BJIIlRHIle Ha COIlPOTBBJIt?HHe &I TeFInOO6Mt?H 

yMeHbIEleTCFl. nPOAOJIbHbIa FpaAEieHT AaBJEHHR OKEi3bIBWT BeCbMElCy~eCTBeHHOt? BJIHRHAe 

Ha COIIpOTHBneHHe Tpt?HHff. 

06pa6oTKa OIfbITHbIX AaHHbIX It o6o6weme peQ'j?bTaTOB B BIlAe 3aBHCHMOCTeti MWKAy 

6eqm3MepHbIMH @OpMIIapaMC!TpaMH TpeHIUT. rpaAEl'3HTa AaBJRHHR II BAyBEt IIOaBOJIElJfLi 

YCTaHOBElTb CBR8b MelKAy OCHOBHbIMIl OIIpeAt?GWUO~HMZ4 B&TlZiYEIHEtMI4, XapZtKTt?pHLtylOIQI%MIf 

Typ6yneHTHbIti IlOl'paHWIHblti CJIOti B YCJIOBIfRX TeIlJlO- II MaCCOlIepeHOCa M IIpOAOnbHOrO 

& Y> 
4 v, 
w = u/z& 

P, 
k 

Yh 

T, 

i-3 
T8, 
TZ, 

Tw = TWIT,, 
R, 

I 

2, 

P> 

NOMENCLATURE 

co-ordinates; 
components of flow velocity; 
relative velocity; 
pressure ; 
difference of levels in differential 
pressure gauge ; 
specific weight of liquid in 
differential pressure gauge ; 
temperature (dependent vari- 
able) ; 
stagnation temperature; 
equilibrium temperature ; 
temperature of injected gas 
before porous plate ; 
temperature factor ; 
gas constant ; 
weight concentration of the gas 
being injected into boundary 
layer ; 
density; 

6, 

5 = YP, 

kinematic viscosity; 
(weight) heat capacity ; 
tangential stress ; 
dimensionless friction factor; 
mixing length; 
empirical constants of turbulent 
flow; 
thickness of dynamic boundary 
layer ; 
dimensionless transverse co- 
ordinate ; 

6* = 1” (1 - $-) dy, attenuation thickness; 

dy, momentum loss 

Jo 

6= &r c 

P’ 
JO f'l“l\- 

dy, depth of energy 
loss ; 

H = 6*/O, form parameter of boundary 
layer ; 
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Rei,, Reynolds number (subscript 
refers to characteristic length 
chosen) ; 

Pr, Prandd number: 
SC, Schmidt number ; 
St, Stanton number; 

h z pu;c‘L(l .2 7 

PI% Cf<, 

1 

h 
I 

_= Pyl'y -2 i parameters of wall 

PI% Cf r penetration ; 

J = !?L“" Re0.25 

Plh B 

~~j~p~~~i 
/,br : 

I '1 

Q?lP$, 310 thermal parameters 

hT1 --~ 
Cpwpu:L'cc 1 t of wall penetration: 

CPIPIUI Sf J 
c form parameter of longitudinal 

pressure gradient ; 
5. form parameter of drag. 

Subscripts 
1. parameters on externai bound- 

ary of the boundary layer: 
I!‘, parameters on the wall: 
0. parameters on impenetrab~c flat 

plate with isothermal flow: 
, 
. parameters of injected gas into 

the boundary layer. 

I, INTRODUCTION 
ONE OF the best methods of protecting surfaces 
in a stream from high temperature or kinetic 
energy effects, is to supply liquid or gas coolants 
through a porous wall. 

The turbulent boundary layer has the greatest 
interest for industry since this layer predominates 
in situations which require porous cooling. 
Therefore, the problem of heat transfer and 
friction drag between a body and a parallel gas 
flow consists in obtaining methods for pre- 
dicting heat transfer and drag coefficients of a 
turbulent boundary layer. Analytical solution 
is impossible at present since the physical 
mechanism of turbulent flow is not fully 
elucidated and the system of equations governing 
transfer of heat and momentum in a turbulent 
boundary layer is not implicit. 

Various analytical methods have been 
developed based on a schematic representati~~n 
of actual flow conditions and the introduction 
of great amount of doubtful approximations, 
and also on using additional experimental data 
[l-8]. Experimental results of the effect of air 
injection into a turbulent boundary layer on a 
flat plate on heat transfer and friction drag arc 
reported by several workers [9-141. They show 
that coefficients of heat transfer and friction drag 
decrease with increase in the rate of injected air. 

A brief review of work on porous cooling ih 
given in [ 151. 

The effect of transverse gas flow injected inro 
an il~compressible liquid stream with negative 
pressure gradient is considered in [16]. Up till 
the present, however, no work is available on 
the effect of transverse mass flow on heat. 
transfer with gradient gas flow. 

In the present work the results are given for 
the drag and heat transfer with injection of air. 
helium, carbon dioxide and freon-12 into it 
turbulent boundary layer of heated air on porous 
plate with non-gradient and gradient flovv. 

2. EXPERIMENTAL RIG VARIABLES MEASURED 
AND MEASURES KNSTRU~NTS 

‘The experiments were carried out in the test 
section (Fig. I). This section was a rectangular 
insulated duct. A copper porous plate 300 i’ 60 

6 mm with 50 per cent porosity was fixed 
into the base of the duct. The side walls of the 
duct were movable, so that various longitudinal 
pressure gradients could be generated. The 
extreme divergence and convergence angles 
were IO’ and 15’. respectively. The length of 
the test section was 420 mm. the entrance 
section was t 50 ., 80 mm. 

Gases were forced through the porous plate 
by excess pressure which was generated in the 
bottom tank below the plate. 

The air was injected into the tank from the 
receiver of an air compressor and the other 
gases were supplied from the cylinders through 
reduction valves. Statistic pressure drops on the 
plate were controlled by differential mercury 
pressure gauge. The flow rate of injected gas 
was determined from a calibration graph drawn 
up before the experiments at the known tempera- 
ture of the plate and pressure on it. These 
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FIG. 1. Schematic drawing of test section. 
l-temperature element and dynamic head trans- 
mitter ; 2--static pressure transmitter ; 3-suction of 
boundary layer; 4-porous plate; 5-thermocouple 
for measuring temperature on the plate; bsupply 

of injected gas; 7-side walls. 

graphs show the effect of volumetric perme- 
ability of the gas of interest through the plate 
on the pressure drop of various plate tempera- 
tures. Under the prescribed conditions volu- 
metric permeability was determined on a special 
calibration unit by the volume of water ejected 
from the measuring tank by the gas forced 
through the plate. The porous plate was cali- 
brated before the experiment and after it. 

The test section was a part of the unit 
described in work [17]. 

In the experiment the following values were 
measured: air pressure and temperature at the 
exit of the heater (in front of the nozzle); 
dynamic pressure and the temperature of the 
air stream in seven cross sections over the length 
of the plate; the temperature of the plate at 
five points on the internal surface and at five 
points on the external one; the temperature of 
the inj&ted gas in front of the plate; static 
pressure at ten cross sections along the plate. 

Dynamic pressures in the boundary layer and 
in the non-disturbed flow of the reference cross 
section were measured by pneumatic measuring 

3A-H.M. 

total pressure microtubes connected with diffe- 
rential pressure gauges tiled with water or 
ethyl alcohol. Stream temperatures were 
measured by movable chromel-alumel thermo- 
couples in the same cross sections of the test 
section where dynamic pressures were measured. 
Air temperatures in all the cross sections of the 
test section were recorded by an electronic 
balance potentiometer. 

Pitot microtubes and microthermocouples 
were placed along the centre-line of the plate by 
means of traversing equipment which allowed 
measurement of dynamic pressures and tempera- 
tures in the cross sections every 0.05 mm. 
Simultaneously, in the first and the last cross 
sections dynamic pressure and temperature 
distributions were measured at the edges of the 
plate. These measurements showed that flow 
parameters were uniformly distributed through 
the width of the test section. Temperatures of the 
plate as well as those of the gas being injected 
were measured by chromel-alumel thermo- 
couples and recorded by a portable potentio- 
meter. 

To ensure development the boundary layer 
over the starting portion of the porous plate, 
the boundary layer was sucked at a distance of 
15 mm before the plate. 

Before the experiments the plate was heated 
to a given temperature which was maintained 
constant during the experiments. The required 
temperature of the plate for every particular run 
was determined according to preliminary injec- 
tions. 

The experiments were carried out over the 
range of Re from IO5 to 5 x 105. Injection rate 
(pWvW)/(plul) was measured from 0.0001 to 
O-007, the flow temperature from 450 to 550”K, 
and the plate temperature from 375“ to 420°K. 
Potential flow velocities were measured from 
25 to 75 m/s. 

3. INTERPRETATION OF DATA 

Based on the measurement of dynamic and 
static pressures as well as of the flow tempera- 
tures at the reference cross sections of the 
boundary layer, and of the plate temperatures, 
distribution of the velocities and temperatures 
of the flow for every cross section were plotted. 
Integral parameters of the boundary layer S*, 
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H, p were determined from these plots. Then, 
changes of these parameters over the length of 
the test section were plotted (along the s-axis). 
Besides, changes of p, u, were plotted over the 
length of the section. All these data were used 
to estimate the drag coefficient cf and the heat 

flux 420 on the porous plate from integral 
momentum and energy relations for the bound- 
ary layer. 

For determining the flow velocity in the 
boundary layer the following original equation 
was used 

(1) 

With air being injected, p was determined 
from the state equation p -~ pgRT by the 
measured p in the cross section of interest and 
temperature T in a particular point of the 
boundary layer. 

To determine the mixture density p when 
He, CO, and freon-12 are blown, the following 
relations were used. 

ln [I l] it is shown that in case of a turbulent 
flow around a flat porous plate, it may be 
assumed 

The gas constant R of the mixture was 
determined by the formula 

R = z’R’ + (1 -- -“)R, 

: z;y w)(R’ R,) T R, (3) 

hence 

As is known 

~1 RT 

P 4 T, 
(5) 

then 

On substituting pl/p from equation (6) into 
equation (I) we obtain the second power 
equation with respect to the velocity U. 

The second method was based on the experi- 
mental fact that in the great portion of the 
turbulent core of the boundary layer the 
logarithmic law for velocity distribution is 

where 

From equation (,7) a calculation formula is 
obtained for determination of the velocity 
through the cross section of the boundary layer. 

Condition of constant air supply on the wall 
is expressed by equation (8) 

p,d’~r~ -‘,,,p/$K l),,.p,,,(d-‘:dl,),,:. i8) 

Accounting for equation (2) and assuming 
SC I. we obtain from equation (8) the formula 
for determination of the concentration of injected 
gas on the wall 

The parameter of the permeability of the wall h, 
was estimated by the formula when the injection 
rate was known (plc~~u,)/pIwl) 

h, 
f’,,,l‘U 

p,u$tPr"':" 

The Stanton number was determined by two 
independent methods : 

I. From the heat balance equation 

(11) 

2. From the integral energy relation 

Local values of drag coefficient were also 
determined by two independent methods. 

In the first case an integral momentum 
equation was used 

u2 --~ 2Qu t s = 0 (7) valid. 
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Assume the Prandtl hypothesis of the mixing Formula for the velocity profile will be in this 
length case 

I = xy. 

The total shear stress near the wall, as is shown 
in [3] may be expressed by 

(21) 

When homogeneous gas is non-isothermally 

(1% 
injected into a region near the wall we assume 
similarity of velocities and temperatures 

By analogy with turbulent boundary layer on an T- Tt,,, 

impenetrable wall, introduce dynamic velocity TTw = w. (22) 

of skin friction with injection of gas Then 
Q-w + pwh& 

u*w = T 
P - = ~(1 - Tw) + Tto. 

Tl 
(23) 

::;u~J[(;+~,);]. (16) 

Then equation (15) is reduced to 

2 - 22 du2 
hw - xy 

(1 dy 
(17) 

or 

-5 du = dv 
v*w Y’ 

(18) 

Further, our problem is to determine the law 
of pl/p distribution through the cross section of 
the boundary layer for various cases of gas 
blowing and to integrate equation (18). 

When gas blowing is isothermal and when 
this gas is the same as that of the main how, 
pl/p = 1, consequently 

v*w = Ul J( ;+!2$_ 
> (19) 

and the integral of equation (18) taking into 
account equation (19) will be 

2xf$$ Jtz+z-j =lny+ C. (20) 

However, since (pJp) = (T/T,), then 

(24) 

Keeping in mind the considerations used in 
deriving equation (21) we obtain 

= ln 1 &, 1/KCf/2) + l@foJ + Nl 
B 1. (25) 

Here for convenience assume 

L= =Jl - Tw);M+l - Tw) 

+ ‘sTw;N= ;Tw. 

When a different gas is injected into a 
boundary layer, one can use the expression 
obtained above for pl/p (16). The friction 
velocity in this case will be 

The constant of integration is determined 
from the condition that u = 0 at a certain 
distance from the wall y, which should be 

vow = Us , 
/(( 

pwvw 
Z+zW 

proportional to the length v/v* because of con- 
venience of dimensions, i.e. y0 = /~(v/v,). [z,(l -$-l)ill) (26) 
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for isothermal case, 

(27) 

for non-isothermal case. 
Equation (25) will be the integral of equation 

(18) when foreign gas injection is isothermal, 
at R’ < R, and coefficients in this case 

For a non-isothermal case integration of equa- 
tion (18) at R’ < R, is rather cumbersome. It 
may be simplified, however, to equation (25) by 
numerical estimation of its terms (when freon-12 
and carbon dioxide are injected at (p,~,~~)/(p,u,) 
GZ O-01, inaccuracy will be ~1 per cent) and 
the coefficients 

Velocity profiles expressed by (21) and (25) 
in co-ordinates w -,f(lg Re,) are approxi- 
mated with sufficient accuracy by strajght lines. 

Local drag coefficients are estimated in the 
following way: for the particular experimental 
conditions with known values of RI/R,, 

( ploow)/( plul) and Tt,, a grid of predicted velocity 
profiles is drawn for various values of cf; then 
on this grid the experimentally obtained velocity 
profiles are superimposed and cf is determined 
from its coincidence with one of the theoretical 
profiles. 

4. FRICTION DRAG AND HEAT TRANSFER 

WITHOUT PRESSURE GRADIENT 

Experimental data on the effect of trans\:erse 
flow of air, helium and carbon dioxide on drag 
and heat transfer when a tlat surface is in a 
turbulent flow of air without pressure gradient. 
are correlated graphically as 

To determine cfO, special experiments arc 
carried out: a flat impenetrable wall was blown 
by an air stream at the wall temperature and at 
values of Re, which prevailed in experiments 
with transverse injection of gases. Using the 
experimental data drag coefficient was deter- 
mined from the integral momentum equation 

C’/o do,, 

-2 ds 
12X) 

Additionally, values of cc0 were determined by 
the Klauser method (19) and from the Blasius 
formula : 

‘i,, 
-2 -~ 

0.0296 Re ) “,2. (29) 

Experimental data on cf,, obtained by equation 
(28) and using the Klauser method are in good 
agreement with those obtained from equation 
(29). 

The Stanton number Stc, v+;as determined by 
the following formula [ 181: 

.st, --- 
0.0296 Rtj, ” i 

I -I- 0.87 A, RP;~.~(P~ -. I ) 
(.3Oj 

where AI --m I.5 Pr -0-1sy; Pr is the Prandtl 
number at the temperature of a non-disturbed 
stream. 

In Fig. 2 the effect of air injection on the drag 
coefficient is shown. One can see that drag 
coefficient decreases with increase of the perme- 
ability parameter and at h 2 it is 20 per cent 
of cf,,. In the same figure the data of theoretical 
[3, 4, 81 and experimental [2, 13, 141 works are 
shown. The data of various investigators are 
essentially different; with increase in 6. the 
general trend of cf/cf,, being to decrease with 
increase of h. The present authors’ data agree 
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of freon-12. Carbon dioxide is intermediate 
between air and freon-12. 

The effect of injection of gases with different 
molecular weights on heat transfer is illustrated 
in Fig. 4. The data of this plot show gas injection 
reduces considerably heat fluxes on the wall. 
That gases injected into the boundary layer with 
different molecular weights have almost the 

0.2 same effect on heat transfer as on friction drag 
is a characteristic feature. Helium which has 
very high heat capacity is a very effective 

0 0.4 0.6 I.2 I.6 2.0 2.4 

b 
coolant, whereas freon-12 (its heat capacity 
is smaller by a factor 8 than that of helium, 

FIG. 2. The effect of injection rate on drag coefficient. 
Full lines refer to data of various authors. 

other things being equal) diminishes heat 

well with the theoretical ones of [3] which is 
based on the Prandtl hypothesis on mixing 
length, and of [8] which uses limiting laws of 
friction drag. Experimental data of [2] obtained 
in conditions very similar to ours are in good 
agreement with the results of the present work. 
In [14] and [4] the results of injection effect on 
drag coefficient are underestimated, and in work 
[ 131 they are overestimated. 

The effect of injection of gases with different 
molecular weights on drag coefficients is shown 
in Fig. 3. As should be expected, the greatest 
decrease of friction drag is observed with gases 
of low molecular weights. Freon-12 decreases 
friction drag less than air and especially helium. 
With equal gas flow rates, however, injection 
of helium is more effective compared with that of 
air than injection of air compared with that 

0.8 

1 & 0.6 
\ 
2 

0.4 

0.2 

0 0.4 0.8 1.2 I.6 2.0 2.4 2.8 

b 

FIG. 3. The effect of injection rate of various gases on 
drag coefficient: I-freon-12; 2-carbon dioxide; 

3-air ; 4-helium. 

2 
$ o 0.6 

!!i 
0.4 

0.2 

0 0.4 0.8 1’6 2.0 

FIG. 4. The effect of injection rate of various gases on 
heat transfer coefficient: 1-freon-12; 2%carbon 

dioxide ; 3-air ; &helium. 

transfer rate very little. Experimental points 
obtained on carbon dioxide and air with 
intermediate values of heat capacity lie between 
points for freon-12 and helium. 

5. FRICTION DRAG AND HEAT TRANSFER OF A 
FLOW WITH PRESSURE GRADIENT 

Experimental data on friction drag and heat 
transfer in a gradient flow of a porous wall are 
correlated by plotting relations between form 
parameters characterizing transfer of heat and 
momentum under the stream conditions con- 
sidered. 

The following form parameters are assumed 
for a dynamic turbulent boundary layer: 

form parameter of pressure gradient 

(31) 
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form parameter of the friction law Substituting these equations into equation (35) 
he obtain 

injection form parameter 

To establish the friction law for a turbulent 
boundary layer with longitudinal pressure 
gradient and transverse mass supply, the 
complex form parameter K is obtained, because 
of the following considerations. 

In case of a laminar boundary layer the 
momentum equation on the wall will be of the 
form: 

pd:lC (34) 

One can see from equation (39) that the 
velocity profiles give a variety of curves which 
depend on the form parameter B. 

For a turbulent boundary layer a form 
parameter may be introduced which is similar 
in its structure to B, but in this case 6 in equation 
(37) should be substituted for the thickness of 
momentum loss 0 and Re for Re0’25. [20], i.e. 
the form parameter 

Let the velocity distribution u across the cross 
section of the boundary layer be a polynome of 
the fourth power, i.e. 

Over a wide range of blowing velocities 

,&04" 

To determine constants a, c, d, e, f boundary 
Pll*l 

condition (34) should be satisfied and contact of Therefore it may be assumed 
curve (35) with the straight line w ~~ 1 at J’ 8 
should be of the second order K 

d du, 
% L1. dx~ Re;‘:’ 2 PWuw (41) 

1 
C,Iu7 Refzs. 

iiw i?“w 
wz:~ 1 : 0 

- i’[ ’ ;;p _ 0 at 5 I. (36) 

Introduce the dimensionless value 

( 

8 du, 
11, -dx_ Re, 2 7:::‘; Re,) 

Bz 
I p,,rr,c, 

(37) 

( 6 PIUI 

Re, -1 I 
I 

The values of the coefficients of equation (35) 
are estimated as follows: 

B B 
a I~ 0, (’ _ 2 .A 6’ II ~~ 

* 

2’ FIG. 5. The effect of injection rate of various gases 
and longitudinal pressure gradient on drag coefi- 
cient : I-freon-12; 2--carbon dioxide: 3 -~-air: 

4-helium. 
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Correlation of the experimental data on fric- 
tion drag with the relation 5 = f(K) shows that 
the form parameter K is actually an effective 
parameter for obtaining a relation between the 
drag coefficient, longitudinal pressure gradient 
and mass flow rate of the injected gas. In Fig. 5 
a relation between 5 and K from our experi- 
mental data is shown. In plotting this relation 
the friction coefficient cf in the form parameter 5 
is defined taking into account heat tranfser 
correction [2/2/& + l)]“. 

If form parameters r, 5 and J are substituted 
into equation (l3), it may be reduced to the 
following form 

& (RE$‘~~) = { 1.25 [5 - (H + l)r + J]}ReL. 

(42) 

L is a characteristic linear dimension. Denote 
the expression in curly brackets of equation (42) 
by F(a) and determine the specific form of this 
function. 

For a turbulent boundary layer with longi- 
tudinal pressure gradient on an impenetrable 
surface the expression in curly brackets of equa- 
tion (42) is of the form 1.25[5 - (H + l)r]. 

For a turbulent boundary layer on a flat 
penetrable plate this expression will be l-25({ + 
Jh 

According to our experimental data in Fig. 6 
the function 1*25(5 + J) is plotted versus J for 
a turbulent boundary layer without pressure 
gradient when various gases are injected. This 
figure shows that 1*25(5 + J) is a linear function 
of J, but it has various angle coefficients de- 
pending on physical properties of injected gases. 

F(J) = 1*25(< + J) = 0.016 + mJ. (43) 

Values of the constant m in equation (43) for 
injection of air, carbon dioxide and freon-12 
are O-85; 0.98; 1.14, respectively. 

In [21] it is shown that for a non-isothermal 
boundary layer with longitudinal pressure 
gradient on an impenetrable surface form para- 
meters 5 and Hare functions of r. Therefore the 
expression 1.25 [5 - (H + l)r] is also a function 
ofr 

F(-Q = 1*25[(5 - (H + l)r]. (44) 

B 0 

@ 
0.02 * 

!2? 
0 0.015 0.030 0.045 

FIG. 6. Plot of F(J) versus J. 

The function F(r) versus r is plotted as a 
straight line described by the following equation 

F((r) = 0.016 - 3.551: (45) 

Accounting for equations (43) and (45) one 
may write 

R(u) = 0.016 - 3*55r + mJ = 0.016 + mu (46) 

where 

cr=;r+J. 

In Fig. 7 the function F(u) is plotted versus u 
for injection of various gases. Location of experi- 
mental points in Fig. 7 confirms that F(U) is a 
linear function. 

When the change of the injection form para- 
meter is given, equation (42) with the account for 
equation (46) is reduced to a first order equation 
relative to Rei’25 

$ (Rei.25) + 3.55 Re1’25. i '2 - 

1 

(mJ + 0.016)ReL. (47) 



------.- 

FIG. 7. Plot of F(o) versus o. 

3. Values of the form parameter [ are found 
from the plot in Fig. 5. and then the correspond- 
ing local values of the drag coefficient on the wall 
are obtained from equation (32). depending on 

The integral of equation (47) is equal to .\. 

Re, = {u, -3.55[fi,, (tnJ +- 0.016)ReI, . u:i.5h d.u ar 
C] )W (48) 

Here C is a constant of integration, x’[, is the 
value of dimensionless co-ordinate at the start- 
ing point of the turbulent boundary layer under 
discussion. 

4. If analytical relation u,(s,), ( pd,,.)/( pluI) (A 1 
-e not given, equation (48) may be integrated 

numerically using one of the conventional 
methods. 

In Fig. 8 the effect of the Injection rate on the 
dimensionless heat transfer factor is shown uhen 
a porous plate with longitudinal pressure gradi- 
ent is located in a stream of heated air. Experi- 

Thus, on the basis of data obtained. its inter- 
pretation and generalization, which allowed 
integration of the equation of motion, the follow- 
ing procedure may be recommended for estimat- 
ing the dynamic boundary layer of a gas flow 
with longitudinal pressure gradient and trans- 
verse mass supply. 

1. For given laws of velocity and temperature 
distribution of a non-disturbed flow, and also of 
the injection form parameter along the longi- 
tudinal co-ordinate X, the dependence of Re,, 
(and consequently, 8) on .Y is determined from 
equation (48). If the relation J(s) is not given but 
the law of mass supply of the gas being injected 
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along the co-ordinates s when J is determined in 
equation (48), one may use the corresponding 
values of B estimated from equation (30) of [21] 
for a turbulent boundary layer with longi- 
tudinal pressure gradient on an impenetrable 
surface. 

Calculation shows that In this case errors IJI 

estimation of the thickness of momentum loss for 
the given conditions of flow are very small since 
Re, enters in J only as a power of 0.25. 

2. From equations (31) and (41) values of the 
form parameters r and K are calculated as a 
function of s. In the case when the law of change 
of the form parameter J(.Y) is not given, and in the 
integrand of equation (48) its value is estimated 
from the thickness of momentum loss under the 
approsimate conditions on an impenetrable 
surface. linite values of J arc computed from 
equation (33) after determining 0 from equation 

(48). 

Frc,. 8. Eflkct of injection rntc or various gases on * , 
heat transfer coefficient at wtxous values nt 07 
Full lines denote appropriate relations for :t flut 

plate. 
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mental points are plotted in this figure when 
helium, air, carbon dioxide and freon-12 are 
injected into an air flow with various values of 
the form parameter of the pressure gradient r. 
This figure shows that these data on St with 
change of I’ are actually the same as the values 
on a flat penetrable plate with appropriate values 
of the parameter bT. Consequently, no effect of 
pressure gradient on heat transfer is manifest 
over the range of pressure gradient in our experi- 
ments. Friction drag on a porous plate decreases 
considerably with increase of longitudinal 
positive pressure gradient. As for a non-gradient 
flow, heat transfer on a surface in a gas stream 
may be reduced to a significant degree by in- 
creasing the quantity of injected gas, the actual 
consumption being relatively low. 

The experimental dependence on Fig. 8 may 
be approximated by the equation 

St 
~~ = eXp (-aTbT). St, 

Values of the constant aT for injection of 
helium, air, carbon dioxide and freon-12 are 
1.7; O-64; 0.32; 0.2, respectively. 

Using the equation (49) one may solve the 
integral energy relation. 

Equation (12) may be written as follows 

= ReL St + ‘El. (50) 

For the impenetrable flat plate is known the 
dependence 

St0 = 0.0128 Re-0’25 Pr-“.75. p? (51) 

Taking into the account (49) and (51) from 
the equation (50), it follows 

= 0.016 ReL Pr-“‘75 [bT + exp (- aTbT)]. (52) 

Accounting for bT =f(x) we obtain the 
internal of the eauation 152) 

0.016 Rt?LH 2 
Re, = prO~75(Te_Tw)1~26 

s 
a,'1 LbT 

f exp (- aTbT)] (Te 

+ 

where ii, = (u&H) is the dimensionless velocity. 
The obtained results may be used for defini- 

tion of heat-transfer coefficient and the depth of 
energy loss, when U&C); b&Y); T,(x); Tw(x) are 
known. 
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Abstract-Experimental investigations were carried out on the friction drag and heat transfer of a 
porous surface in a heated air flow at dp1d.v ~= 0 and dp1d.v 0 with the injection of various gases 
(helium, air, carbon dioxide and freon-12). The effect of relative flow of injected gases on a flat plate 
and of longitudinal pressure gradient (the case dp/dx It 0) on heat transfer and friction drag is found. 
It is shown that with increase of molecular weight of injected gases, their effect on heat transfer antt 
friction drag decreases. Longitudinal pressure gradient considerably influences friction drag rather 
strongly, but it has no effect on heat transfer rate. 

Experimental data and their correlation by relations between dimensionless parameters of friction, 
pressure gradient and injection allowed the relation between the main characteristic quantities for a 
turbulent boundary layer to be evaluated under conditions of heat and mass transfer and longitudinal 

pressure gradient. 

RBsumC-Les auteurs ont etudie experimentalement Ic frottement et la transmrssion de chaleur sur 
une surface poreuse placee dans un Ccoulement d’air chaud, dans les cas oti dp/dx 0 et dp/dx i 0. 
avec injection de differents gaz (helium. air, gaz carbonique et Freon 12). L’effet de l’ecoulement 
injecte et du gradient de pression (dp/ds .I- 0) sur la transmission de chaleur et Ic frottement a et& mis 
en evidence. Cet effet diminue lorsque le poids moleculaire des gaz injectes augmente. Le gradient 
longitudinal de pression a une grosse influence sur le frottement mais aucune sur le coefficient d’tchange 
t hermique. 

Les donnees experimentales et leur correlation, traduite sous forme d’expresstons Itant les para- 
metres de frottement, de gradient de pression et d’injection, ont permis d’etablir une relation entre 
les grandeurs caracteristiques principales de la couche limite turbulente avec transport de masse et de 

chaleur et gradient de pression longitudinal. 

Zusammenfassung-In einem warmen Luftstrom wurde der Reibungswiderstand und dct- Warmeiiber- 
gang an einer porosen Oberflache bei Einblasung verschiedener Case (Helium, Luft, Kohlendioxyd 
und Freon 12) und dpldx =- 0 und dp’idx rL 0 experimentell untersucht. Der Einffuss des Relativ- 
stroms der eingeblasenen Gase an der ebenen Platte und des Langsdruckgradienten (Fall dp/d.u i 01 
auf Wgrmeiibergang und Reibungswiderstand liess sich ermitteln. Es zeigt sich, dass mit ansteigendem 
Molekulargewicht der Einblasgdse, ihr Einfluss auf Wtirmetibergang und Reibungswiderstand 
abnimmt. Ein Druckgradient in LBngsrichtung beeinflusst den Reibungswiderstand sehr stark. nicht 
jedoch den Warmetibergang. 

Die Versuchsdaten und Korrelationen zwischen dimensionslosen Reibungsparametern, den1 
Druckgradienten und Einblaswerten, gestatteten die Berechnung der charakteristischen Grossen fur 
turbulente Grenzschichten bei gleichzeitiger Warme- und Stoffiibertragung unter einem Langsdruck- 

gradienten. 


